Abstract Peroxisomes contribute to several crucial metabolic processes such as b-oxidation of fatty acids, biosynthesis of ether phospholipids and metabolism of reactive oxygen species, which render them indispensable to human health and development. Peroxisomes are highly dynamic organelles that rapidly assemble, multiply and degrade in response to metabolic needs. In recent years, the interest in peroxisomes and their physiological functions has significantly increased. This review intends to highlight recent discoveries and trends in peroxisome research, and represents an update as well as a continuation of a former review article. Novel exciting findings on the biological functions, biogenesis, formation and degradation of peroxisomes, on peroxisomal dynamics and division, as well as on the interaction and cross-talk of peroxisomes with other subcellular compartments are addressed. Furthermore, recent findings on the role of peroxisomes in the brain are discussed.
Introduction
In recent years, the interest in peroxisomes and their physiological functions within the scientific community has significantly increased. This is also reflected by the many requests that we received to publish a review article on recent advancements in the field of peroxisome biology, which will also aid non-experts and those who are not up to date with the current developments to get an overview on this fascinating organelle. This review intends to highlight recent discoveries and trends in peroxisome research, and represents an update as well as a continuation of an article we published in Histochemistry and Cell Biology on the occasion of the 50th anniversary of the journal (Schrader and Fahimi 2008) . To avoid repetition, we will refer to this article when appropriate and to more specialized recent reviews on peroxisome biology.
Mysterious functions: the spectrum of peroxisomal tasks widens
Peroxisomes are dynamic, multifunctional organelles that contribute to numerous anabolic and catabolic pathways and are thus essential for human health and development (for a brief overview on their discovery and diverse functions, see Wanders and Waterham 2006; Schrader and Fahimi 2008; Islinger et al. 2010; Bartoszewska et al. 2011b) . Common functions in mammals, plants and fungi include the metabolism of hydrogen peroxide and the oxidation of fatty acids (FA) (Cooper and Beevers 1969; Lazarow and De Duve 1976; Ueda et al. 1985) . However, several specialized and new biological functions have been discovered in recent years, and the list of peroxisomal tasks appears to be far from being complete (Table 1 ). In general, peroxisomal functions can be divided into those which are evolutionarily ancient and generally distributed among all organism kingdoms and those which are more specific to one or more branches of the evolutionary tree. With respect to peroxisomal b-oxidation, it has to be taken into account that the core enzymes involved can also be used to modify FA derivates for anabolic or catabolic pathways. Concordantly, mammalian peroxisomes were found to break down dicarboxylic acids, which themselves are produced by FA x-oxidation in the ER (Nguyen et al. 2008) . Plant (and animal) peroxisomes have been associated with the synthesis of hormonal signal molecules: in addition to the core b-oxidation pathway, peroxisomes in plants contain an increasing amount of auxiliary enzymes, and their role in the synthesis of jasmonate and auxins is becoming more and more evident (Baker et al. 2006; Kienow et al. 2008; Wiszniewski et al. 2009 ). Similarly, peroxisomes in animals may play a role in the synthesis of pheromones as suggested for Caenorhabditis elegans (Joo et al. 2009 (Joo et al. , 2010 or diptera (Spiegel et al. 2011) . Noteworthy, peroxisomes in plants and fungi house a series of specialized enzymes involved in the synthesis of various secondary metabolites (Bartoszewska et al. 2011b ). The peroxisomal participation in penicillin synthesis in Penicillium species has already been described two decades ago (Muller et al. 1991 (Muller et al. , 1992 . During recent years, however, the significance and economic relevance of peroxisomes in this pathway have become more and more evident (Spröte et al. 2009; Meijer et al. 2010) . Several pathogenic fungi use peroxisomes for the production of toxins required for host invasion (Saikia and Scott 2009; Imazaki et al. 2010) , which can be of potential commercial interest in crop production and food security. Furthermore, peroxisomes have been found to contribute to biotin synthesis in fungi and plants (Tanabe et al. 2011) ; in the latter, their contributions to the synthesis of vitamin K1 (Babujee et al. 2010) and glycine betaine synthesis/acetaldehyde oxidation have been described (Fujiwara et al. 2008; Mitsuya et al. 2009 Mitsuya et al. , 2011 . The peroxisomal localization of the pre-squalene segment of the pathway of isoprenoid/cholesterol biosynthesis remains still under debate for mammals (Kovacs et al. 2002; Hogenboom et al. 2004a, b, c; Wanders and Waterham 2006; Kovacs et al. 2007 ); in plants, by contrast, new studies provide evidence that the final four steps of the pathway are localized to peroxisomes (Sapir-Mir et al. 2008; Clastre et al. 2011; Simkin et al. 2011; Thabet et al. Schneider et al. (2005) , Kienow et al. (2008) Auxin synthesis 9 Zolman et al. (2000), Wiszniewski et al. (2009) Pheromone production 9 Joo et al. (2009 Joo et al. ( , 2010 , Spiegel et al. (2011) Isoprenoid biosynthesis 9 ? /- Hogenboom et al. (2004a, b, c) , Kovacs et al. (2007) , Sapir-Mir et al. (2008) , Clastre et al. (2011) , Simkin et al. (2011) , Thabet et al. (2011) Biotin synthesis 9 9 Tanabe et al. (2011) Toxin synthesis 9 Saikia and Scott (2009), Imazaki et al. (2010) Polyamine metabolism 9 9 9 Nishikawa et al. (2000), Wu et al. (2003) , Kamada-Nobusada et al. (2008) , Ono et al. (2012) Phyloquinone (vitamin K1) biosynthesis 2011) . The significant number of proteins which are not exclusively peroxisomal in both plants and mammals may suggest that parts of the pathway were potentially peroxisomal in ancient organisms, but were distinctly shuffled to other subcellular locations leading to a differential distribution in individual species. Hence, species differences may at least partially account for the contradicting results reported. Polyamines are small aliphatic molecules with nucleic acid-stabilizing capabilities which are supposed to play a role in a wide variety of cellular processes. A peroxisomal degradative pathway for polyamines has been described in mammals and yeast about a decade ago (Nishikawa et al. 2000; Vujcic et al. 2003) . Recently, a peroxisomal variant of the polyamine oxidase has also been described in different plant species (Kamada-Nobusada et al. 2008; Moschou et al. 2008; Ono et al. 2012) , thus demonstrating that the polyamine catabolism is a common peroxisomal trait across all organism kingdoms. Ca 2? ions act as second messengers in numerous cellular signaling pathways, and it is currently debated if peroxisomes may function as Ca 2? stores and/or participate in Ca 2? -dependent signaling processes. Indeed, calcium transporters have been reported as constituents of the peroxisomal membrane in mammals (Weber et al. 1997; Raychaudhury et al. 2006) , which would be in line with a regulated calcium storage system as suggested after measurements of high intraperoxisomal Ca 2? concentration under normal and stimulated conditions (Lasorsa et al. 2008 ). Contradictory to this report are, however, studies carried out in mammals and plants, which indicate that the peroxisomal membrane may be an unselective barrier only slowing down the calcium ion flux, which would be in favor of the peroxisomal pore model (see ''Mysterious transport: at the gates of peroxisomes'' and ''Protein import into peroxisomes: still the mysterious membrane pore''). These observations rather imply that peroxisomes are potential targets of calcium signaling initiated by other intra-or extracellular sources (Drago et al. 2008; Costa et al. 2010) . The detection of calmodulin-like proteins in plant peroxisomes as well as the Ca 2? /calmodulin sensitivity of a plant catalase isoform (Chigri et al. 2012; Yang and Poovaiah 2002) further points in this direction.
Remarkably, most of the novel peroxisomal pathways or proteins identified have been discovered in plants and fungi, and the most recent extensive proteome studies on peroxisomes have been carried out in these organisms (Eubel et al. 2008; Reumann et al. 2009; Managadze et al. 2010) , leading to the identification of numerous new peroxisomal candidate proteins. Comparable proteome studies in mammals exploiting peroxisome-rich soft tissues such as kidney and liver have been performed (discussed in Schrader and Fahimi 2008) . The valuable characterization of (micro) peroxisomes from other tissues (e.g., brain) is so far compromised by the lack of appropriate isolation protocols. Nevertheless, research aiming at deciphering new peroxisomal functions in mammals is ongoing: important interconnections between peroxisomes and extraperoxisomal metabolic regulatory systems have been recently elucidated by using peroxisome-deficient knockout models. The lack of peroxisomes induces functional disturbances of mitochondria compromising ATP production. Concomitant activation of AMP-activated kinase leads to down-regulation of glycogen synthesis and increased glycolysis, thus elevating carbohydrate combustion . As a consequence, Pex5 knockout mice lose body weight despite increased food intake. Disruption of peroxisome function, however, seems to compromise not only carbohydrate but also cholesterol metabolism, which is regulated by the sterol regulatory element-binding protein (SREBP) family of transcription factors (Kovacs et al. 2004 (Kovacs et al. , 2009 ).
Hepatocytes of peroxisome-deficient Pex2
-/-mice have been reported to experience ER stress, which in turn disturbs the expression of SREBP-2, SREBP-1c and Insig-2a, leading to further deregulation of endogenous sterol response pathways. Both studies underline the interconnection of peroxisomes with numerous metabolic regulation networks, which may explain the often complex clinical phenotypes in peroxisomal disorders. Glycosylphosphatidylinositol-anchored proteins (GPI-APs) have important roles in cell-cell and cell-environment interactions and are prominent constituents of lipid microdomains. In mammals, GPI-APs usually have mainly 1-alkyl-2-acyl PIs. Recently, it was shown that the peroxisomal ether lipid pathway was required to deliver the alkyl chain for such GPI-APs, further exemplifying how different subcellular compartments are interconnected to accomplish complex functions (Kanzawa et al. 2009 (Kanzawa et al. , 2012 . In line with this, a completely new biological function for peroxisomes in antiviral defense and signaling has been recently described, which is accomplished by both peroxisomes and mitochondria (see ''Together against viruses'').
Mysterious transport: at the gates of peroxisomes
As peroxisomes fulfill a plethora of different anabolic and catabolic functions, the organelles have to ensure a stable exchange of metabolites, cofactors and anorganic ions required for the maintenance of intraperoxisomal reactions. Historically, the peroxisomal membrane (unlike the inner mitochondrial membrane, lysosomes or the ER membrane) has been suggested to be relatively leaky, implying the possibility of a free exchange of metabolites across the membrane (see Antonenkov and Hiltunen 2011 for review). However, the detection of specific ABC-transport proteins in the peroxisome membrane together with other observations gave rise to the opposite view. Integrating both hypotheses, Antonenkov et al. (2004) showed that peroxisomes appear to be permeable to small metabolites up to a size of 300-400 Da, whereas larger molecules require active transport implying the coexistence of unselective membrane channels as well as specific transport proteins in the peroxisome membrane (Fig. 1) . In plants, anion-selective pores have been described more than a decade ago (Reumann et al. 1997 (Reumann et al. , 1998 but less restrictive channel activities have as well been reported during the last few years in yeast and mammals (Antonenkov et al. 2005 (Antonenkov et al. , 2009 Grunau et al. 2009a) . With the functional characterization of Pxmp2/PMP22 from mammalian peroxisomes, a first protein species could be functionally assigned to the previously mysterious channel activities (Rokka et al. 2009) (Fig. 1) . However, besides Pxmp2, which is supposed to form a homotrimeric channel with individual pores with permeability up to 300 Da, other hitherto unidentified channels have to exist since the authors report a substantial channel-forming activity in Pxmp2 knockout mice. Even if the peroxisomal membrane is more or less unselective to small metabolites up to 500 Da, molecules such as NADH, ATP, Coenzyme A and activated FA approach this exclusion limit, and diffuse very slowly across the membrane, thus arguing for an active transport system (Antonenkov and Hiltunen 2011) . The import of FA for b-oxidation by the ABC-transporters, ABCD1 (ALDP), ABCD2, ABCD3 (PMP70) and ABCD4, has long been postulated, as patients suffering from X-linked adrenoleukodystrophy (X-ALD) as well as the corresponding knockout mouse models show highly elevated levels of very long-chain FA (see Kemp et al. 2011 for review) . Yet, the peroxisomal localization of ABCD4 has recently been falsified as the protein was rather shown to localize to the ER (Kashiwayama et al. 2009; Zhang et al. 2011) . The remaining three ABC-transporters are hypothesized to act as homo-as well as heterodimers to ensure import of a broad range of FA (Kemp et al. 2011) (Fig. 1) . A proof for their involvement in the actual transport process has, however, only recently been obtained by functional studies in yeast using the orthologs Pxa1p and Pxa1p, which were subsequently replaced by ABCD1 in complementation studies (van Roermund et al. 2008) . During the last 4 years, our understanding of the substrate preference of the individual transporters has also significantly increased and revealed that ABCD1 and ABCD2 appear to have overlapping but also distinct substrate specificities. The deficiency of ABCD1 in fibroblasts of X-ALD patients leads to disruption of very long-chain FA degradation, which can at least be partially compensated by the expression of ABCD2 or ABCD3 (Kemp et al. 1998; Netik et al. 1999) . Comparing the enrichment of FA in ABCD1 and ABCD2 mutant mice, Fourcade et al. (2009) reported similar elevated levels of C24 and C26 saturated FA in both, a finding Fig. 1 Schematic overview of peroxisomal membrane transporters in mammals. Peroxisomes permit fairly unhindered exchange of small metabolites (up to 300-400 Da) through a membrane pore consisting of a Pxmp2/PMP22 trimer, and a second hitherto unidentified pore. To import very long-chain and long-chain fatty acids (VLCFA, LCFA), mammalian peroxisomes house three peroxisomal ABCtransporters (ABCD1-3) which shuffle a distinct spectrum of fatty acyl-CoAs across the peroxisomal membrane. The recently characterized PMP34/SLC15 is supposed to import NAD ? and CoA into peroxisomes. At least one additional transporter for ATP, which exceeds the exclusion limit of the membrane pores, is predicted. To export sequestered fatty acids, peroxisomes inhabit shuttle systems exchanging the bulky CoA with carnitine. Fatty acyl-carnitines can leave the organelles via the existing proteinaceous pores (see ''Mysterious transport: at the gates of peroxisomes'' for details). MCFA-, LCFA-, VLCFA-CoA, medium-chain-, long-chain-, very long-chain fatty acyl-CoA. AMP: adenosine monophosphate. FMN: flavine mononucleotide. PAP: adenosine-3 0 5 0 -diphosphate which was independently approved by overexpression of ABCD2 in a rat hepatoma cell model (Genin et al. 2011) . Furthermore, the ABCD2 knockout showed increases in C20-saturated and in x-9 monounsaturated FA, as well as a decrease in docosahexaenoic acid, which is produced in peroxisomes, suggesting a different spectrum of substrates (Fourcade et al. 2009 ). Comparative analyses of Pxa1/Pxa2 mutant yeast expressing ABCD1 and ABCD2, respectively, recently revealed clear differences in the substrate specificity: ABCD1 preferentially imports C24 and C26 saturated FA, whereas ABCD2 showed preferences for C22 saturated and polyunsaturated FA (van Roermund et al. 2011) , thus confirming the data obtained with the knockout models. Little information currently exists about the import by ABCD3. In a glial cell culture model, Di Benedetto et al. (2008) reported an elevation of saturated C26 FA after ABCD3 knockdown, underlining the observed overlap in substrates of the three ABC-transporters. In case of specializations, ABCD3 mutant mice were observed to show elevated levels of bile acid intermediates (Kemp et al. 2011) ; however, so far no other detailed data have been published. In addition to our knowledge on ABC-transporters, increasing numbers of candidates for the transport of other small metabolites have been described during the last few years: ATP transporters were identified with Ant1p in yeast (Palmieri et al. 2001 ), PMP34/SLC25A17 in mammals (Visser et al. 2002) and PNC1/PNC2 in plants ( Arai et al. 2008; Linka et al. 2008) . The importance of ATP transport in peroxisomal metabolism was further documented by the inhibition of peroxisomal FA b-oxidation leading to an impairment of seedling development in Arabidopsis PNC mutants (Linka et al. 2008) . In addition to ATP, other cofactors required in peroxisomal reactions are CoA, FAD and NAD ? , which are all synthesized in the cytosol and thus have to be shuffled into the organelle, where they are reduced in different reactions (Fig. 1) . The internal reoxidation systems of lactate dehydrogenase, glycerol-3-phosphate dehydrogenase and malate dehydrogenase, which were all described in peroxisomes in low amounts, can recycle the cofactors or can participate in shuttle systems (Antonenkov and Hiltunen 2011) . Recently, however, two membrane transporters for CoA and FAD, PXN for NAD ? in plants (Bernhardt et al. 2012 ) and the previously mentioned PMP34/SLC25A17 in animals (Agrimi et al. 2011) , have been described, which may provide peroxisomes with the corresponding cofactors, especially under proliferative conditions. Taken together, in the last few years, much light has been shed on the bimodal transport system combining unselective channels for small metabolites with specific transporters for bulky ones, thus forming the basis for the unique permeability properties of peroxisomes. The stepwise identification and characterization of new transporters and pores during the upcoming years will certainly complete our view of the metabolite exchange across the peroxisomal membrane.
Protein import into peroxisomes: still the mysterious membrane pore In contrast to mitochondria or the ER, peroxisomes can import folded and oligomerized or cofactor-bound proteins into their matrix via a unique machinery of 33 hitherto identified peroxins (Pex) (Rucktäschel et al. 2011) . The protein import of peroxisomal matrix proteins can be categorized in four consecutive steps. (1) The cargo is recognized via peroxisomal targeting sequences-PTS1 and PTS2-by their correspondent receptors Pex5 and Pex7, respectively. Further, proteins may be required when the PTS deviate significantly from the consensus sequence to enhance specificity (Maynard et al. 2004; Ma and Reumann 2008) . The contribution of the PTS2-mediated import to the peroxisomal proteome differs significantly among species. While, e.g., not present in the nematode C. elegans (Motley et al. 2000) and the diatome Phaeodactylum tricornutum (Gonzalez et al. 2011) , it is only necessary for specific enzymes in yeast and mammals (Grunau et al. 2009b; Jung et al. 2010 ), but may constitute up to a third of all matrix proteins in the model plant A. thaliana (Reumann et al. 2009 ) (2) The cargo-receptor complexes dock to Pex13/14 (mammals) and Pex17 for Pex7 (yeast) at the peroxisomal membrane. (3) Pex14 and Pex5 interact to translocate the cargo across the peroxisomal membrane. (4) The cargo-receptors are recycled into the cytosol via an ubiquitination-dependent mechanism (see Rucktäschel et al. 2011 for details) . Whereas most of the individual key players involved in this process have been deciphered during the years before our last review, open questions remain concerning the process of cargo translocation and receptor recycling.
After docking to Pex13/14, the receptor-cargo complex is integrated into the peroxisomal membrane (Rucktäschel et al. 2011) ; however, it remains still enigmatic how the translocation of the cargo is precisely performed. In 2005, Erdmann and Schliebs (2005) proposed a model of a transient membrane pore consisting of Pex5 subunits. As the receptor Pex5 and the peroxisomal membrane protein Pex14 were shown to supply the smallest unit to provide peroxisomal matrix import, the pore was subsequently supposed to consist of both Pex subunits ).
Further evidence for such a model came from studies reconstituting recombinant Pex5 and Pex14 into liposomes: electrophysiological currents across the membrane barrier imply the existence of a gated ion-conducting channel, which can be opened to a diameter of about 9 nm (Meinecke et al. 2010) . The size would meet the requirements for the proposed piggyback import mechanism for oligomeric proteins, e.g., for the recently described SOD/CCS or the lipase-Lpx1p complexes (Thoms et al. 2008; Islinger et al. 2009 ). The biophysical and biochemical characteristics of the N-terminal domain of Pex5, however, may point to an alternative import mechanism (Carvalho et al. 2006; Grou et al. 2009b) : the N-terminal domain of Pex5 exhibits the conformation of a natively unfolded protein. It is possible that the cargo is delivered to the peroxisomal membrane partially enfolded by the Pex5-receptor and is subsequently translocated across the membrane via enfolding and membrane embedding of Pex5-monomers.
Succeeding dissociation and the recycling of the Pex5/ Pex14 receptor complex requires the concerted action of two protein subcomplexes to ubiquitinate Pex5, which is essential to trigger its dissociation from the peroxisomal membrane under ATP consumption (Carvalho et al. 2007; Alencastre et al. 2009; Lanyon-Hogg et al. 2010; Rucktä-schel et al. 2011) . Pex5 is alternatively mono-or polyubiquitinated, marking the protein either for receptor recycling or proteasomal degradation. In yeast, Pex22 serves as docking site for the E2 ubiquitin-conjugating enzyme Pex4 (Wiebel and Kunau 1992) , and this complex catalyzes the mono-ubiquitination of Pex5 (Williams et al. 2012) . In mammals (which lack Pex4/Pex22), mono-ubiquitination was shown to be performed by the cytosolic UbcH5a/b/c family (Grou et al. 2009a) . Remarkably, the site of mono-ubiquitination is an uncommon cysteine within the N-terminus of Pex5 (Williams et al. 2007; Grou et al. 2009b) . Interestingly, it is speculated that the same cysteine may function as a redox sensor to accumulate catalase in the cytoplasm to combat oxidative stress . Consecutive deubiquitination after export is either catalyzed by deubiquitinating enzymes or occurs via non-enzymatic processes Grou et al. 2009b; Debelyy et al. 2011) . If Pex5 is, however, not promptly released from the peroxisomal membrane, it is further polyubiquitinated by the RING-complex composed of Pex2, Pex10 and Pex12, to be finally degraded (Platta et al. 2004 Kiel et al. 2005; Williams et al. 2008) . In this process, Pex2 and Pex10 are supposed to be the catalytically active E3-ligases (Williams et al. 2008; Platta et al. 2009 ).
In contrast to matrix proteins, class I peroxisomal membrane proteins (PMPs) are individually recognized by an import receptor-Pex19-via a peroxisomal membrane targeting signal (mPTS) (Jones et al. 2004; Rottensteiner et al. 2004; Halbach et al. 2005) to be directly inserted into the peroxisomal membrane. For the mPTS, no clear consensus sequence was found, but it generally consists of a transmembrane domain and a cluster of basic and hydrophobic amino acids (Baerends et al. 2000; Honsho and Fujiki 2001; Jones et al. 2001; Wang et al. 2001; Rottensteiner et al. 2004) . Farnesylation of Pex19 is required for an efficient recognition of the mPTS ) and mediates PMP targeting via an interaction with the docking factor Pex3 at the peroxisomal membrane Ma et al. 2011; Rucktäschel et al. 2011) . Nevertheless, our current knowledge on the detailed mechanism for the integration of the receptor/PMP-complex into the lipid bilayer remains still fragmentary and requires further investigation.
Class II PMPs like Pex3, Pex16 and Pex22 lack a Pex19-binding site in their mPTS (Soukupova et al. 1999; Fujiki et al. 2006; Halbach et al. 2009 ) and are supposedly transported to the peroxisome via the ER. Those proteins are potentially exported from the ER in a vesicle-mediated transport, which is not affected by inhibitors of the early secretory pathway (Salomons et al. 1997; Titorenko and Rachubinski 1998; Voorn-Brouwer et al. 2001; Lam et al. 2010; Agrawal et al. 2011 ) (see Fig. 2 ). Sec20, Sec39 and Dsl1, all components of later stages of the secretory pathway, were reported to be required for the release of Pex3 from the ER (Perry et al. 2009 ). Furthermore, ER release of Pex3 requires Pex19 (Hoepfner et al. 2005; Kragt et al. 2005; Tam et al. 2005) , which is docked and inserted into the peroxisomal membrane in a Pex16-dependent manner (Matsuzaki and Fujiki 2008) . There is also evidence that Pex16 is connected to the ER (Kim et al. 2006) . The mechanism for the import of classII PMPs into the ER still remains enigmatic. Studies from South et al. (2001) demonstrated that Sec61, the main ER membrane protein translocator, is not involved, whereas recently it was reported that Sec61 is essential for the targeting of PMPs to the ER . Quite lately, it was also shown that with Sec16 another compound of the ER-translocon could be involved in the regulation of the Pex16-transport from the ER to the peroxisome (Yonekawa et al. 2011) . Tail-anchored proteins are inserted into the ER via the GET-pathway (guided entry into the ER) (Borgese and Fasana 2011) . In Saccharomyces cerevisiae, the Get3-complex has been described to be essential for targeting of the tail-anchored protein Pex15 to peroxisomes (Schuldiner et al. 2008) , whereas in mammals an ER contribution to the import of the homologous Pex26 was questioned (Halbach et al. 2006 ).
Peroxisome formation: some mysteries deciphered
It is now generally accepted in the field that peroxisomes can form by growth and division (fission) from pre-existing organelles and by de novo synthesis out of the ER in cells in which peroxisomes are lost (Hettema and Motley 2009; Nagotu et al. 2010; Schrader et al. 2011) . Formation from the ER occurs in mutant cells devoid of peroxisomes after reintroduction of the deficient gene (encoding the membrane biogenesis/import factors Pex19, Pex3 or Pex16) or in yeast mutants lacking peroxisomes due to a defect in segregation/inheritance (Hoepfner et al. 2005; Nagotu et al. 2008 Nagotu et al. , 2010 . However, the physiological importance of de novo synthesis and the contribution of both biogenesis pathways to the maintenance and abundance of peroxisomes are largely unknown and may vary considerably among different organisms. In mammalian cells and wildtype yeast cells, peroxisomes appear to multiply by growth and division and do not form de novo (Motley and Hettema 2007; Nagotu et al. 2008; Delille et al. 2010 Delille et al. , 2011 , but simultaneous formation by both processes has also been suggested (Kim et al. 2006; van der Zand et al. 2010; Saraya et al. 2011) . Interestingly, de novo formation of peroxisomes from mitochondria can be induced upon mitochondrial targeting of Pex3, a peroxin involved in peroxisomal membrane biogenesis and a key player in de novo formation from the ER (Rucktäschel et al. 2010 ). This may indicate that natural or artificial targeting of Pex3 to any endomembrane can initiate peroxisome formation. Schrader and Fahimi (2008) highlighting the recent advances in the field. Peroxisomal matrix proteins are synthesized on free polyribosomes in the cytosol and are post-translationally imported into pre-existing peroxisomes. It is still debated if some or all membrane proteins are routed to peroxisomes via the ER (presumably by vesicular transport) or if the majority is inserted directly after translation from cytosolic ribosomes (see ''Protein import into peroxisomes: still the mysterious membrane pore''). A retrograde peroxisome-to-ER transport might exist. Vesicular mitochondria-to-peroxisome and mitochondria-to-lysosome trafficking routes have been described recently (Neuspiel et al. 2008; Soubannier et al. 2012) , but the role of mitochondria-derived vesicles (MDVs) in peroxisome function remains mysterious (see ''Mysterious trafficking: vesicular transport from mitochondria to peroxisomes?''). It is currently unknown, whether a retrograde peroxisome-tomitochondrium transport exists, and whether peroxisome-derived vesicles (PDVs) can be formed, which may contribute to the removal of damaged (e.g., by ROS production), misfolded or mistargeted proteins. Besides ER and mitochondria, peroxisomes are supposed to interact with the smooth ER (sER), with lipid droplets (bodies), the cytoskeleton and other peroxisomes (Schrader et al. 2000) . Peroxisomes can multiply by growth (elongation), constriction and final fission (division), forming spherical peroxisomes (see ''Peroxisome formation: some mysteries deciphered''). Pex11 proteins (e.g., Pex11b) induce membrane bending, tubulation of peroxisomes and contribute to membrane remodeling (Opalinski et al. 2011) . The initial peroxisomal membrane extension assembles a specific set of peroxins, but lacks matrix proteins (Delille et al. 2010) , which are consecutively imported into the nascent organelles. DLP1, Fis1 and Mff mediate peroxisomal fission. Mff is supposed to play a major role in the recruitment of cytosolic DLP1 to the peroxisomal membrane. The involvement of Fis1 in the fission process is currently under debate. Components involved in the constriction of peroxisomes are still unknown. Proper intracellular distribution of the peroxisomes formed by fission requires microtubules (MT) and motor proteins. In yeast and plants, peroxisomes are distributed via the actin cytoskeleton. Excess peroxisomes, and old or damaged organelles are removed by macro-and micropexophagy (see ''Mysterious removal: degradation and autophagy of peroxisomes''). The consecutive steps are linked to each other and may be triggered by the assembly of distinct machineries at the peroxisomal membrane Histochem Cell Biol (2012) 137:547-574 553 Growth and division of peroxisomes in mammals (and other organisms) follows a well-defined sequence of morphological alterations including elongation, membrane constriction and final fission (see Fig. 2 ) (Schrader et al. 1996 Schrader and Fahimi 2006a; Delille et al. 2010) . In recent years, great progress has been made in the identification and molecular characterization of key factors involved, which turned out to be conserved in animals, plants and fungi : Peroxisome fission is preceded by elongation of the organelle membrane, which involves the activity of the membrane-deforming, conserved PMP Pex11 (Schrader et al. 1998b ; Thoms and Erdmann 2005; Koch and Brocard 2011) . The biochemical properties of Pex11 have long been mysterious (Thoms and Erdmann 2005) , but a recent study in P. chrysogenum revealed the important role of conserved N-terminal helical motifs with amphipathic properties in membrane bending (Opalinski et al. 2011) . Pex11-Amph peptides (from a socalled H3 motif) derived from different species were shown to tubulate into small unilamellar lipid vesicles. Mutation analyses determined that the conservation of the amphipathic properties and the helix-forming abilities are essential for membrane tubulation. Furthermore, there is evidence that Pex11p plays a key role in membrane reorganization prior to fission (Schrader et al. 1998b; Delille et al. 2010 Delille et al. , 2011 Cepinska et al. 2011) . These findings point to the existence of specific, yet undefined sorting and retention mechanisms within the peroxisomal membrane. In line with this, a role for lipid rafts in peroxisome biogenesis has recently been proposed (Woudenberg et al. 2010) .
It is currently of great interest how Pex11p activity (and thus, peroxisome formation) is regulated. Besides regulation on the transcriptional and translational level, ScPex11p activity was recently shown to be influenced by phosphorylation (Knoblach and Rachubinski 2010) . The expression of phospho-mimicking mutants resulted either in a hyper-proliferative phenotype (Pex11-D ''on'') or in few and clustered peroxisomes (Pex11-A ''off'') resembling a deletion phenotype. Interestingly, overexpression of the cyclin-dependent kinase Pho85 caused hyperphosphorylation of Pex11p. Very recently, a model for the role of PpPex11 in the regulation of peroxisome division through a phosphorylationdependent interaction with PpFis1 of the fission machinery was proposed (Joshi et al. 2012) . Besides phosphorylation, dimerization/oligomerization of Pex11 may regulate its activity (Marshall et al. 1996; Opalinski et al. 2011) .
Final fission of peroxisomes in all organisms studied so far depends on dynamin-like (-related) proteins (DLPs/ DRPs), large, self-assembling GTPases with mechanochemical properties, which form spiral-like structures around constricted membranes to mediate membrane scission through GTP hydrolysis (Praefcke and McMahon 2004) (Fig. 2) . Other factors may help to constrict the organelle membrane at defined sites to support assembly of DLPs in vivo (Koch et al. 2004 ). Since DLPs lack putative lipid-binding domains (e.g., a pleckstrin homology domain or transmembrane domain), they have to be recruited from the cytosol to the peroxisomal membrane for division. The tail-anchored membrane receptor protein Fis1 (Fission 1) is supposed to provide the direct (or indirect) anchoring site for DLP on peroxisomes in many organisms by its N-terminal tetratricopeptide repeat domain. However, its function as an essential receptor for DLP in mammals has very recently been questioned (Otera and Mihara 2011) (Fig. 2) . Instead, the novel tail-anchored receptor Mff, which contains a cytosolic coiled-coil domain, is supposed to be the major membrane receptor for DLP (Gandre-Babbe and van der Bliek 2008; Otera et al. 2010) . Whereas the core division factors Fis1 and DLP appear to be generally conserved, organism-specific components of the division machinery also exist. Like Mff, which is metazoan-specific protein, a plant-specific division factor, PMD1, has very recently been discovered in Arabidopsis (Aung and Hu 2011) . Interestingly, both Mff and PMD1 represent tailanchored membrane proteins with cytosolic coiled-coil domains, which appear to act independently of Fis1. In contrast to Mff, however, PMD1 has not been found to recruit or interact with AtDRP3. In S. cerevisiae, peroxisome division also requires the WD40 domain-containing adaptor proteins Mdv1 and Caf4 (Kuravi et al. 2006; Motley et al. 2008 ), which have not been identified in metazoans and plants, and interact with DRP and Fis1 to recruit DRP to the peroxisomal membrane. Furthermore, the DLP ScVps1, which is recruited by Pex19, mediates peroxisome division in a Fis1-independent manner (Hoepfner et al. 2001; Vizeacoumar et al. 2006) .
Remarkably, Fis1, Mff (mitochondrial fission factor), PMD1 (peroxisomal and mitochondrial division factor 1) and the adaptors Mdv1 and Caf4 also localize to mitochondria, and are shared components of the peroxisomal and mitochondrial division machinery in the organisms present (Fig. 3) . Sharing these components appears to be a common, evolutionarily conserved strategy used by mammals, fungi and plants (Schrader and Fahimi 2006a; Delille et al. 2009 ). Moreover, these new findings indicate that peroxisomes and mitochondria exhibit a much closer functional interplay/ interrelationship than previously anticipated (Schrader and Yoon 2007; Delille et al. 2009 ) and further strengthen the concept of the ''peroxisome-mitochondria connection'' which has implications on human disease (see ''The ''little sister'' and the ''big brother'': the mysterious peroxisomemitochondria connection'') (Camoes et al. 2009) .
Notably, there is now evidence that peroxisome formation from either the ER or by growth and division appears to follow a maturation process involving the recruitment of new membrane and matrix proteins (Hoepfner et al. 2005; Kunau 2005; Delille et al. 2010 Delille et al. , 2011 . We recently showed that Pex11b-mediated growth (elongation) and division of mammalian peroxisomes follows a multistep maturation pathway, which is initiated by the formation of an early peroxisomal membrane compartment from a preexisting peroxisome and its stepwise conversion into a mature, metabolically active peroxisome compartment (Fig. 2) . Maturation is achieved by selective and stepwise import of certain PMPs, membrane lipids and matrix proteins. Our observations support the view that peroxisome division is an asymmetric process (Huybrechts et al. 2009 ), which is far more complex than simple (symmetric) Fig. 3 Interconnection between peroxisomes and mitochondria. Peroxisomes (left) and mitochondria (right) in mammals show a metabolic interconnection in a significant number of pathways, including FA b-oxidation (b-Ox), ROS metabolism and heat production. Both organelles were found to reciprocally influence their homeostasis and morphology. Moreover, peroxisomes and mitochondria share a significant part of their division machinery (e.g., DLP1, Mff, Fis1) (see ''Peroxisome formation: some mysteries deciphered'', ''The ''little sister'' and the ''big brother'': the mysterious peroxisomemitochondria connection''), suggesting an orchestrated regulation of their division. With MAVS (mitochondrial antiviral-signaling protein), a third member of the protein family of tail-anchored proteins has now been detected on both organelles, adding antiviral signaling to the list of shared functions. Furthermore, novel trafficking pathways from mitochondria to peroxisomes (and lysosomes) involving mitochondria-derived vesicles (MDVs) have been reported (see ''The ''little sister'' and the ''big brother'': the mysterious peroxisomemitochondria connection'' for details). Cat, peroxisomal catalase; VLCFA, LCFA, MCFA, very long-chain, long-chain and mediumchain fatty acids; RC respiratory chain Histochem Cell Biol (2012) 137:547-574 555 division of a pre-existing organelle (Delille et al. 2010 (Delille et al. , 2011 , and which contributes to the rejuvenation of the peroxisomal compartment. Interestingly, a maturation model is also proposed for de novo formation of peroxisomes from the ER (Hoepfner et al. 2005; Kunau 2005 ). In contrast to peroxisomal growth and division, de novo formation of peroxisomes from the ER is independent of DLPs (Jourdain et al. 2008; Motley and Hettema 2007; Nagotu et al. 2008 ), but has been found to require Pex25 and Rho1 in H. polymorpha (Saraya et al. 2011) . Furthermore, ER-peroxisome transport in S. cerevisiae involves Sec20, Sec29, and Dsl1, which are also involved in ERGolgi transport of secretory proteins (Perry et al. 2009 ). In addition, a role for the ER-translocon protein Sec61 has been described . In mammalian cells, a function for Sec16B (but not Sec16A) in the regulation of the transport of the peroxisomal membrane biogenesis factor Pex16 from the ER to peroxisomes has been proposed (Yonekawa et al. 2011) . It is speculated that Sec16B, in ER areas other than ER exit sites may support the assembly of coat components for vesicle carriers destined for peroxisomes. At present, however, coat components for ER-to-peroxisome carriers are mysterious. Very recent in vitro reconstitution studies involving S. cerevisiae and P. pastoris revealed that vesicle carriers containing peroxisomal membrane proteins are formed from the ER in an ATP, cytosol and Pex19-dependent manner (Lam et al. 2010; Agrawal et al. 2011) . It is currently controversial whether all (most) PMPs (like the peroxisomal matrix proteins) are translated in the cytoplasm or if PMPs are first inserted into the ER from where they bud in specialized vesicles which are finally delivered to peroxisomes (Lam et al. 2010; van der Zand et al. 2010; Agrawal et al. 2011; Nuttall et al. 2011 ) (see ''Protein import into peroxisomes: still the mysterious membrane pore'') (Fig. 2) .
The ''little sister'' and the ''big brother'': the mysterious peroxisome-mitochondria connection
To fulfill the multitude of diverse biological functions (see ''Mysterious functions: the spectrum of peroxisomal tasks widens''), peroxisomes have to interact, cooperate and cross-talk with other subcellular compartments (e.g., the ER) (Fig. 3) . It has long been known that in animals, peroxisomes and mitochondria possess their own set of FA b-oxidation enzymes, but cooperate in the degradation of fatty acids to maintain lipid homeostasis (Wanders 2004) , whereas in yeasts and plants, FA b-oxidation solely depends on peroxisomes (Poirier et al. 2006) . Several discoveries in the last few years provide evidence that peroxisomes and mitochondria show a much closer interrelationship than previously anticipated (Schrader 2006; Camoes et al. 2009) (Fig. 3) . It is now evident that these organelles, besides metabolic cooperation in FA b-oxidation in animals, also share components of their division machinery (see ''Peroxisome formation: some mysteries deciphered''), have a redox-sensitive relationship and cooperate in anti-viral signaling and defense (Ivashchenko et al. 2011 ) (see also ''Mysterious signals: peroxisomes and reactive oxygen species''). Furthermore, a novel vesicular trafficking pathway between mitochondria and peroxisomes has been proposed (Neuspiel et al. 2008) . Finally, mitochondria and peroxisomes cooperate in the synthesis of biotin in fungi (Tanabe et al. 2011) . Fatty acid metabolism in both organelles has been shown to be regulated by PGC-1a (peroxisome proliferator-activated receptor c coactivator-1a) in mammals (Bagattin et al. 2010 ) (see ''Mysterious proliferation: PPARa and beyond?'').
Mysterious trafficking: vesicular transport from mitochondria to peroxisomes?
As outlined in our previous review (Schrader and Fahimi 2008) , in earlier studies the group of Heidi McBride characterized vesicular profiles budding from mitochondria and identified at least two populations of mitochondriaderived vesicles (MDVs). One population carried the newly identified mitochondrial outer membrane protein MAPL (mitochondrial anchored protein ligase) and was supposed to target to peroxisomes (Neuspiel et al. 2008 ). Transport of MAPL-positive MDVs is mediated by Vps35 (Braschi et al. 2010) , but the physiological function of mitochondria-to-peroxisome vesicular targeting is still mysterious (Figs. 2, 3) . The fate of the other MDVs remained unknown, but a role in the removal of damaged proteins and lipids from mitochondria was hypothesized (Neuspiel et al. 2008; Andrade-Navarro et al. 2009 ). Very recently, it was demonstrated that MDVs carry selected cargo to lysosomes, e.g., as an early response to oxidative stress (Soubannier et al. 2012) . Intriguingly, we speculated that peroxisomes themselves-like mitochondria-might be able to emanate vesicles from their membranes (which would then be PDVs, peroxisome-derived vesicles) (see Schrader and Fahimi 2008) to fulfill related functions. However, no evidence has been provided so far; in contrast, progress has been made in the study of ER-toperoxisome-derived vesicles (see ''Protein import into peroxisomes: still the mysterious membrane pore'').
Together against viruses
The exciting discovery that peroxisomes serve as anti-viral signaling platforms adds a new function to peroxisome biology (see ''Mysterious functions: the spectrum of peroxisomal tasks widens''). Dixit et al. (2010) recently demonstrated that the mitochondrial antiviral signaling adaptor (MAVS) also localizes to peroxisomes and that viral stimulation causes alterations of peroxisome morphology. MAVS binds cytosolic RIG-I-like receptors loaded with viral RNA and subsequently induces innate immune response pathways. Remarkably, significant differences in mitochondria-and peroxisome-transmitted signaling have been reported. Whereas mitochondria trigger a decelerated interferon-dependent expression of defense factors, peroxisomes transmit a rapid interferonindependent response. Recently, however, the existence of these functional differences has been questioned (Horner et al. 2011) . As the attachment of HIV-RNA at MAVS sites has, nevertheless, very recently been reported to occur specifically at peroxisomes ), a functional specialization between both organelles should not be ruled out. Future research in the field will certainly shed light on this hitherto hidden but-with respect to human healthvery important new peroxisomal function.
The mysterious ROS connection
Evidence for a redox-sensitive relationship between peroxisomes and mitochondria has recently been provided by Ivashchenko et al. (2011) . Interestingly, the mitochondrial redox balance is disturbed in cells lacking catalase or functional peroxisomes, and upon the generation of excess ROS. KillerRed-induced ROS production in peroxisomes resulted in mitochondrial fragmentation and altered mitochondrial redox potential, whereas peroxisomal morphology remained unaffected. Furthermore, peroxisomes were found to resist oxidative stress generated inside mitochondria. Very recently, catalase deficiency was reported to increase mitochondrial ROS in response to FAs in diabetes mouse model (Hwang et al. 2012) . The relationship among peroxisomes, ROS, oxidative stress and ageing is a fascinating topic which has been addressed in several recent review articles (Schrader and Fahimi 2006b; Antonenkov et al. 2009; Bonekamp et al. 2009; Titorenko and Terlecky 2011; Fransen et al. 2011; Bonekamp et al. 2012 ) (see ''Mysterious signals: peroxisomes and reactive oxygen species'').
Shared fission and mysterious disease
Last but not least, peroxisomes and mitochondria share key components of their division machinery, which appears to be an evolutionarily conserved strategy among organisms Nagotu et al. 2010 ) (see ''Peroxisome formation: some mysteries deciphered''). In contrast to mitochondrial dynamics, which are based on organelle fusion and fission, only peroxisomal fission events have so far been reported. There is growing evidence that mature peroxisomes in yeast and mammals do not fuse in a mechanism similar to mitochondrial fusion (Motley and Hettema 2007; Huybrechts et al. 2009; Bonekamp et al. 2010a) . Mitochondrial fusion proteins such as the dynamin-related GTPases, Mfn1 and Mfn2, or OPA1 were not found to localize to mammalian peroxisomes (Bonekamp et al. 2010a) . However, live cell imaging revealed that peroxisomes were engaged in transient and long-term contacts, but without exchanging matrix or membrane markers (Bonekamp et al. 2010a) .
Functional loss of the key division components inhibits peroxisomal and mitochondrial fission resulting in elongated organelle morphology (Schrader 2006) . These morphological alterations have led to the discovery of a novel lethal disorder with defects in both peroxisomal and mitochondrial division based on a mutation in DLP1 (Waterham et al. 2007 ). The novel DLP1 deficiency appears to be the first member of a new group of combined peroxisomalmitochondrial disorders. Genetic analysis revealed a heterozygous, dominant-negative missense mutation (A395D) in the middle domain of DLP1 (Waterham et al. 2007 ), which inhibited oligomerization of DLP1 ). The observations have been confirmed by the generation of DLP1 knockout mice (Ishihara et al. 2009; Wakabayashi et al. 2009 ) which display developmental abnormalities that result in embryonic lethality (e.g., defects in brain development, synapse formation). It is still unclear to what extend defects in mitochondrial or in peroxisomal function contribute to the clinical phenotype of the patient and to the pathological alterations observed in the knockout models. DLP1 may as well fulfill additional functions in other subcellular locations, e.g., at the Golgi complex (Bonekamp et al. 2010b) in some cell types which contribute to the pathological alterations.
The investigation of peroxisomal and mitochondrial interplay, morphology and dynamics has become an exciting new field in cell biology and biomedical sciences, because of its relation to organelle functionality and its impact on developmental and physiological processes. As peroxisomal alterations in metabolism, biogenesis, dynamics and proliferation have the potential to influence mitochondrial morphology and functions (and vice versa), there is currently great interest in a closer investigation of their interrelationship. Information on the importance of peroxisomal morphology, intracellular distribution and movement for cellular physiology is still limited, but the field is young and many mysteries remain to be deciphered.
Mysterious proliferation: PPARa and beyond?
Peroxisomes are astonishingly variable organelles, which not only show significant differences between individual Histochem Cell Biol (2012) 137:547-574 557 species or tissues, but are also capable of modifying their number and protein content according to environmental stimuli. Already in the 1960s, rodents were reported to respond to treatment with hypolipidemic fibrates with a massive proliferation of peroxisomes (Hess et al. 1965 ). However, the molecular mechanisms behind this phenomenon were only unraveled after the identification of the peroxisome proliferator-activated receptor a (PPARa)-a member of the nuclear receptor superfamily-as the key regulative factor (Issemann and Green 1990) . In concordance with the induction of peroxisomal b-oxidation enzymes in response to fibrate treatment (Lazarow and De Duve 1976) , it was later unveiled that unsaturated longchain FA were the endogenous ligands of this receptor (Dreyer et al. 1993) . With PPARb/d and PPARc, two related transcription factors were subsequently identified, which displayed distinct substrate affinity and tissue distribution. These activated a different set of genes and thus did not contribute to the classical process of peroxisome proliferator-induced peroxisome proliferation (Pyper et al. 2010) . Upon binding, PPARa forms heterodimers with the retinoid X receptor (RXR), thus enabling binding to PPARresponsive elements of the genome and thereby activating genes responsible for FA b-oxidation and peroxisome proliferation (see Schrader et al. 2011 for review). Interestingly, in yeast and filamentous fungi, which also respond to FA with peroxisome proliferation, comparable signaling systems have evolved: in S. cerevisiae the transcription factor Oaf1 gets activated by binding FA, further allowing an interaction with the evolutionarily related Pip2. This heterodimer consecutively binds to oleate-responsive elements (ORE) of the DNA, thus activating the transcription of the correspondent genes (Karpichev et al. 1997; Rottensteiner et al. 1997) . These remarkable mechanistic similarities to the mammalian regulation systems led to the hypothesis that animal nuclear receptors and transcription factors of the Zn-cluster family in yeast share common ancestors (Phelps et al. 2006 ). However, unlike PPARs, Oaf1 can homodimerize in the absence of Pip2 activating individual genes bearing OREs (Trzcinska-Danielewicz et al. 2008) . In addition to these receptors resembling the mammalian system, S. cerevisiae inhabits another transcription factor of the Zinc-finger class-Adr1-sensing carbon status in the cells. By binding to upstream activating elements 1, which are often in proximity to OREs, Adr1 can act as an enhancer facilitating the binding of Oaf1/Pip2 dimers (Schüller 2003) . The AMP-activated kinase Snf1 is an obligate regulator to overcome glucose repression and thus induces peroxisome proliferation on oleate (Simon et al. 1992 ). Very recently, it was reported that Snf1 exerts its function via Adr1, however, not via direct interaction between both proteins (Ratnakumar and Young 2010) . Rather, it was hypothesized that Snf1 regulates Adr1 via repression of another kinase or activation of a phosphatase, which controls Adr1 by phosphorylation/dephosphorylation at Ser230. To gain more insights into kinases/phosphatases modulating the peroxisomal oleate response, Saleem et al. (2008 Saleem et al. ( , 2010 recently performed two large-scale screens to unravel phosphorylation-based signaling networks: using 249 yeast kinase/ phosphatase deletion strains, the authors created a list of signaling pathways which positively and negatively influenced the peroxisomal response to oleate. In a second proteomic approach the authors directly screened for phosphorylated peptides enriched after growth on oleate (Saleem et al. 2010) . By integrated data analysis, it was not only possible to identify hitherto undetected phosphorylation sites on known regulators as Pip2, but also to detect potential whole kinase signaling pathways by an enrichment of phosphorylated peptides of their individual constituents and the amino acid signature of the most frequently phosphorylated peptides. An integration of both data sets provides an interesting scheme on how different cellular processes such as cell cycle, actin polymerization or glucose sensing have to be coordinated to ensure the correct peroxisomal response. Unlike S. cerevisiae, in the filamentous fungus Aspergillus nidulans, peroxisomal FA b-oxidation and associated peroxisome proliferation are under control of a diverging regulation system, consisting of the Zn 2 Cys 6 transcription factors FarA and FarB (Hynes et al. 2006 (Hynes et al. , 2008 . Both transcription factors are activated by binding FA of diverging chain length, but unlike the previously described regulation systems they do not require dimerization before binding to their cognate response elements. As orthologous genes have been described in other ascomycetes and hemiascomycetes (Ramirez and Lorenz 2009; Poopanitpan et al. 2010; Reiser et al. 2010a, b) , the Far proteins appear to be evolutionarily more ancient and were replaced by the later evolving Oaf1/Pip2-system in S. cerevisiae. Due to the multiple functions carried out by peroxisomes, it is obvious that peroxisome abundance and activity has to be controlled by more than one b-oxidationdependent signaling system. Besides for FA metabolism, methylotrophic yeast species require an additional signaling system to grow on alkanes. Recently, with Trmp1, a Zn(II) 2 Cys 6 -type transcription factor inducing corresponding enzymes was identified; however, unlike Far-transcription factors, Trmp1 showed no impact on peroxisomal biogenesis implying that further regulators are involved (Sasano et al. 2008) . In addition to FA b-oxidation, plant peroxisomes fulfill a variety of important functions such as photorespiration, glyoxylate cycle or synthesis of hormones, which require a complex network of signaling systems to tightly control peroxisome abundance and protein content. Plant peroxisomes were reported to proliferate in response to oxidative stress, salt stress, pathogens or wounding (Morre et al. 1990; Lopez-Huertas et al. 2000; Oksanen et al. 2003; Mitsuya et al. 2010) . Although plantspecific regulators for peroxisome-dependent FA metabolism, as discovered in animals and fungi, are still unknown, transcription factors for the regulation of peroxisomes in response to other environmental stimuli have recently been reported. During the process of photomorphogenesis, peroxisomes from Arabidopsis seedlings have to modulate their metabolic capabilities from a predominant b-oxidative function in the dark to glycolate recycling during photorespiration (Olsen and Harada 1995) . In addition to this remodeling in enzyme content, the seedling cells respond with a significant proliferation of peroxisomes. Regulative proteins involved in the correspondent signaling process have now been identified Hu and Desai 2008) : the photoreceptor phytochrome A, perceiving light of the far-red spectrum, was found to be obligate for light-induced peroxisome proliferation. As a downstream signaling component, the bzip transcription factor HYH was further required to increase peroxisome numbers. HYH activation induces the transcription of Pex11b-an important component of the peroxisomal proliferation/fission machinery (see ''Peroxisome formation: some mysteries deciphered'')-by directly binding to the genes' promoter. As there is no evidence for a direct interaction of phytochrome A and HYH, additional components await identification to completely unravel the first peroxisomal regulation system described in plants. Protein phosphorylation may modulate peroxisomal functions on the level of the signaling pathway or directly by modifying key components of the peroxisomal membrane. In line with this, a regulating unit of the B 0 g family of the phosphatase PP2A was recently identified to specifically localize to peroxisomes (Matre et al. 2009 ). As the regulating B subunits of PP2A are known to confer substrate specificity for the enzymatic C units (Sontag 2001) , this finding may mirror a peroxisome-specific PP2A-dependent signaling in plants.
In addition to PPARa-induced peroxisome proliferation, several other PPARa-independent stimuli were found to augment peroxisome abundance in vitro and in vivo in mammals (Baumgart et al. 1990; Schrader et al. 1998a; Jansen et al. 2009 ). Thus, other regulatory pathways must influence peroxisome abundance. It was already proposed several years ago that the structurally related PPARc could transmit signals for peroxisome proliferation in brown adipose tissue during cold adaptation (Guardiola-Diaz et al. 1999) . PGC-1a (peroxisome proliferator-activated receptor c coactivator-1a), a coactivator of many transcription factors, has now been shown to influence peroxisome numbers in the same process (Bagattin et al. 2010 ). The involvement of other known interaction partners of PGC-1a such as ERRa, Foxo1, NRF and PPARa in this regulation process has been ruled out in knockdown experiments. In this respect, PPARc may be an interesting candidate for further analysis.
Very recently, it was shown that PPARc activation controlled peroxisome abundance in the hypothalamus of obese mice (Diano et al. 2011) , thus further highlighting the existence of different tissue-specific transcription factors with an impact on peroxisome physiology. In this context, it is interesting to note that retinoic acid was reported to modulate the expression of the newly identified peroxisomal protein PeP in mouse embryonic stem cells, proposing a third member of the nuclear receptor superfamily with an impact on peroxisome function (Ostadsharif et al. 2011) . H 2 O 2 , which is produced by the numerous peroxisomal oxidases, is supposed to act as an intracellular signaling molecule modulating proteins by selective oxidation of cysteine residues (see ''Mysterious signals: peroxisomes and reactive oxygen species''). Sirt1 is a member of the sirtuin protein family that mediates ROS protection by catalase induction through deacetylation-dependent activation of the FoxO3 transcription factor (Alcendor et al. 2007 ) and induces FA metabolism by co-activation of PPARa (Purushotham et al. 2009 ). Thus, peroxisomal metabolic activities appear to be controlled by Sirt1-influenced regulation systems. Two recent publications by Hasegawa et al. (2008 Hasegawa et al. ( , 2010 indeed suggest a remarkable influence of Sirt1 abundance on peroxisomes. Overexpression of Sirt1 under normal conditions was found to have a negative effect on catalase expression, whereas under conditions of excess ROS, high Sirt1 levels enhanced catalase levels and mitigated peroxisome decline in an animal model system of acute kidney injury. Thus, Sirt1 seems to adjust cellular H 2 O 2 concentrations to a beneficial level by modulating peroxisomal metabolic capacities.
In summary, peroxisomes appear to be far more than simple FA removing entities: they are involved in numerous metabolic processes and signaling events requiring a tight regulation of their abundance and metabolic functions by integration of several partially tissue-specific regulation systems.
Mysterious signals: peroxisomes and reactive oxygen species
The name-giving quality of peroxisomes is their peroxidative enzyme activity (based on several oxidases) giving rise to H 2 O 2 as a byproduct, e.g., during FA b-oxidation. Moreover, peroxisomes supposedly inhabit enzymes producing the more reactive superoxide (O 2 -) and even NO radicals (Schrader and Fahimi 2006b; Angermüller et al. 2009; Bonekamp et al. 2009 ), which can all lead to potentially detrimental oxidation of proteins, lipids or DNA. To counteract, peroxisomes contain an assortment of enzymes protecting the cell from excess ROS with catalase being its most prominent representative (Schrader and Fahimi 2006b; Antonenkov et al. 2009 ). Although the peroxisomal proteome was intensely investigated during the last decade, new ROS-scavenging constituents are continuously discovered in different tissues and species (Kavitha et al. 2008; Toutzaris et al. 2010) . During the last few years, ROS have been in focus because of their detrimental oxidative qualities, but also because they can act as short-living signaling molecules in the cell (del Rio et al. 2003; Fransen et al. 2011) . As peroxisomes are just one of several subcellular locations where ROS are produced, it is of utmost importance to possess appropriate tools to analyze how different organelles contribute to a balanced ROS homeostasis. In this respect, several fluorescent probes have been developed, which enable measuring the generation of distinct ROS in vitro and in vivo (e.g., HYPER, RoGFP, PCL-1) in peroxisomes and other subcellular locations (Costa et al. 2010; Yano et al. 2010; Van de Bittner et al. 2010; Gehrmann and Elsner 2011; Ivashchenko et al. 2011; Malinouski et al. 2011) , or allow ROS generation upon light irradiation (e.g., KillerRed) (Bulina et al. 2006; Ivashchenko et al. 2011) . We would like to recommend a recent review by Fransen and co-workers addressing the individual probes and the underlying molecular mechanisms of quantification and generation of ROS .
With respect to the previously mentioned janus-faced character of ROS, recent achievements in the field can be divided into two categories: (1) cellular consequences of elevated cellular ROS concentrations with respect to the involvement of peroxisomes, and (2) the functional significance of peroxisomal H 2 O 2 as a potential signaling molecule. Mitochondria are regarded as the predominant source of cellular ROS generation (Moldovan and Moldovan 2004) , thus representing the major thread to the cell. This view has recently been challenged (Brown and Borutaite 2012) requesting analysis of the contribution of other organelles to ROS-mediated toxicity. It is long known that PPARa-induced peroxisome proliferation results in a strong up-regulation of FA b-oxidation, whereas ROS-scavenging enzymes are not induced to a comparable level. This imbalance can lead to diffusion of excess H 2 O 2 into the cytoplasm ). Concordantly, the carcinogenic non-genotoxic effect of peroxisome proliferators observed in rodents was explained by the detrimental effect of ROS to DNA (Kasai et al. 1989; Chu et al. 1995 )-a hypothesis which has been questioned later on (Gonzalez et al. 1998) . Nevertheless, the reduced catalase levels concomitant with significant morphological alterations in ageing rats (Beier et al. 1993; Perichon et al. 1998; Chao et al. 2002) may suggest an agerelated imbalance in the production/scavenging of peroxisomal ROS. Remarkably, the lack of peroxisomal (but not cytosolic) catalase leads to a progeric phenotype with decreased egg-laying capacity in C. elegans (Petriv and Rachubinski 2004) . A similar phenomenon was recently observed in human cell lines (Koepke et al. 2008 ): inhibition of catalase activity with 3-aminotriazole increased protein and DNA damage and impaired cellular growth. Initializing a peroxisomal deterioration spiral (Terlecky et al. 2006 ), the early ROS-mediated cellular oxidative damage had a detrimental effect on the peroxisomal import system, thus further compromising peroxisome physiology. Furthermore, the catalase-inhibited cells secreted high amounts of matrix-metalloproteinases, which is a typical behavior of aged cells. Importantly, the ROS-related changes not only manifested at peroxisomes, but also had an impact on mitochondrial physiology. The membrane potential of the mitochondrial inner membrane was severely compromised and in parallel mitochondrial ROS production significantly increased in response to catalase inhibition. In line with this, Ivashchenko et al. (2011) compared redox states in peroxisomes and mitochondria of catalase-deficient and wild-type fibroblasts. Surprisingly, the peroxisomes showed no differences between mutant and control cells, suggesting that other ROS-scavenging proteins can substitute catalase function in peroxisomes. However, the redox state in mitochondria was significantly altered, a phenomenon which was also observed when peroxisomes were transfected with the ROS-generating probe KillerRed. Corroborating these findings in vivo, brain mitochondria exhibited decreased respiratory capacity in a catalase-deficient mouse model (Ho et al. 2004 ). During dark exposure, plant leaf cells switch on a senescence program ultimately leading to cell death. Interestingly during this process, mitochondria and later peroxisomes increase their redox state in a sequential manner signifying a coordinated increase in ROS production (Rosenwasser et al. 2011) . In summary, there is growing evidence that mitochondria and peroxisomes possess an interconnected redox-homeostasis system, which is regulated by yet unknown signaling events. Amazingly, acatalasemia is generally reported as a benign disorder; however, Goth et al. (2005) reported an increased incidence of diabetes mellitus in a Hungarian family hypothesizing that an increased ROS production could damage the insulin-producing b-cells of the pancreas. The significance of this assumption has very recently been affirmed in a study which demonstrated that diabetesassociated lipotoxicity was caused by H 2 O 2 -production during peroxisomal b-oxidation, since pancreatic b-cells showed very low levels of catalase expression , thus interconnecting peroxisomal ROS with another age-related disease. In line with this, it was very recently reported that catalase deficiency accelerated diabetic nephropathy through peroxisomal dysfunction and abnormal renal FA metabolism (Hwang et al. 2012 ). However, peroxisomes are not only a source of ROS; their assemblage of ROS-scavenging enzymes provides the potential to protect the cellular environment from exogenous oxidative stress. In this regard, several studies using plants report that peroxisomes react in different ways upon exogenous ROS stress, e.g., with increased organelle movements (Rodriguez-Serrano et al. 2009 ), extension of tubular protrusions (Sinclair et al. 2009) or by Ca 2? -triggered increases in catalase activity (Costa et al. 2010) , which could all ameliorate the detoxification of ROS inside the cell. There is evidence now that ROS are not only a thread to cells or tissues, but are also used as intracellular and extracellular messenger molecules (Finkel 2011) . In this regard, the relatively stable and moderately reactive H 2 O 2 has high potential to modify individual proteins by sulfenation or carbonylation. Indeed, peroxisomal enzymes have been recently shown to be sensible to oxidative switches modulating their enzymatic properties: catalase and malate synthase of castor beans were observed to be increasingly oxidized upon H 2 O 2 exposure; importantly, protein modification did not result in protein destruction, but increased the activity of the correspondent enzymes, thereby adapting them to elevated cellular ROS concentrations (Anand et al. 2009 ). For ketoacyl-CoA thiolases from plants, a redox-sensitive switch between a reduced active and an oxidized inactivated protein conformation was reported, which could adjust peroxisomal FA b-oxidation rates to slow down the associated H 2 O 2 -production, when the cellular redox state was already high (Pye et al. 2010) . These examples illustrate how oxidative protein modifications can be used to regulate intracellular processes. In both cases, however, the protein modifications were functionally used to optimize peroxisomal H 2 O 2 degradation. Evidence that H 2 O 2 concentrations may not always be kept as low as possible has been obtained from studies on the bimodal effects of sirtuins on peroxisomal catalase expression (Hasegawa et al. 2008 (Hasegawa et al. , 2010 ) (see ''Mysterious proliferation: PPARa and beyond?''). The data imply that catalase activities are regulated to an extent which allows low H 2 O 2 levels, but prevents the cell from the accumulation of toxic concentrations. The most intriguing example of a peroxisomal contribution to cellular signaling, however, is presently the observation on ROS-regulated melanocortin tone in the hypothalamus (Diano et al. 2011) . The activity of pro-opiomelanocortin (POMC) neurons in mice is found to be modulated by intracellular ROS levels as a function of peroxisome abundance: high cellular peroxisome numbers which are induced by high-fat diet via PPARc-activation decrease ROS concentrations and thereby act permissive on neuronal firing and thus promoting feeding, whereas the reduction of peroxisome numbers has opposing effects. Taken together, peroxisomal ROS-scavenging enzymes seem to quench intracellular ROS levels in hypothalamic POMC neurons, thereby actively contributing to the central regulation of energy metabolism. It will be interesting to unravel the molecular events connecting ROS concentrations with an elevated synaptic activity.
Mysterious removal: degradation and autophagy of peroxisomes
In addition to a regulated proliferation of peroxisomes (see ''Peroxisome formation: some mysteries deciphered'', ''Mysterious proliferation: PPARa and beyond?''), the control of the organelles' abundance involves as well sophisticated removal mechanisms. Autophagy is a cellular degradative pathway which is conserved in eukaryotes. Changes in environmental and developmental conditions like nutrient availability or stress induce autophagic processes, which can influence peroxisomal metabolism. For example, autophagic degradation of peroxisomes in filamentous fungi has an impact on pathogenicity (e.g., Veneault-Fourrey et al. 2006; Veneault-Fourrey and Talbot 2007; Liu et al. 2007 , Asakura et al. 2009 , Pollack et al. 2009 ) as well as production of penicillin (Bartoszewska et al. 2011a) . In mammalian cells, degradation of peroxisomal enzymes after clofibrate induction can be blocked by the autophagy inhibitor 3-methyladenine (3-MA) (Luiken et al. 1992) . Under unstimulated metabolic conditions, experiments using the HaloTag technology indicated that peroxisomes have a half-life of 2 days and are comparably degraded by an autophagy-related mechanism (Huybrechts et al. 2009 ).
Autophagy can be subdivided into two non-selective autophagic mechanisms for sequestering of cytoplasmatic components (proteins and lipids) and organelles: microand macroautophagy (yeast : Klionsky 2005a, b; mammals: Tanida 2011b; Mizushima and Komatsu 2011) . Microautophagy occurs through the engulfment of cytoplasm and organelles by the lysosomal/vacuolar membrane followed by internalization and degradation. This mechanism is regularly observed in mammals, whereas the selective microautophagy is mainly observed in yeast (see below) (Li et al. 2011) . Instead, macroautophagy involves the formation of double membrane vesicles (autophagosomes) which transport the cargo to the vacuole/lysosomes. Over the years, systematic screening of S. cerevisiae mutants revealed that so-called ATG-(autophagy-related) genes encode for proteins, which are required for non-selective as well as for selective autophagy (Stromhaug and Klionsky 2001; Mukaiyama et al. 2002; Nakatogawa et al. 2009 ). So far, 35 ATGs have been identified, most of them in yeast (Klionsky et al. 2003; Nakatogawa et al. 2009; Tanida 2011a, b) . Signaling processes which control autophagy including the key regulator Atg1 are under extensive study (for review see Tanida 2011a, b) .
In addition to non-selective autophagy, peroxisomes are specifically degraded by micro-and macropexophagy (Sudbery et al. 1988; Oku et al. 2003; Leao and Kiel 2003; Sakai et al. 2006; Oku and Sakai 2010) . Methylotrophic yeasts increase their peroxisome number when grown on methanol or oleate. If another carbon source, e.g., glucose or ethanol, is added, high peroxisome numbers are no longer required and excess peroxisomes are degraded (Tuttle and Dunn 1995) . Dependent on the inducer (methanol, oleate, amine), either micropexophagy or macropexophagy occurs and different sets of genes (e.g., ATG26) contribute to these processes in the yeasts Y. lipolytica and P. pastoris (Stasyk et al. 2003; Nazarko et al. 2007a, b) . The genes Atg26 and Atg30 are predominantly responsible for pexophagy (Oku et al. 2003; Farre et al. 2008) . ATG30 is required for the proper localization of ATG8 which is obligatory for autophagosome formation (Farre et al. 2008 ) and serves as a receptor for peroxisomes. It interacts with the peroxisomal membrane proteins Pex3 and Pex14 and with the adaptor proteins Atg11 and Atg17, which in turn recruit additional proteins to generate a preautophagosomal structure (Farre et al. 2008) . Interestingly, Pex14 which is an important component of the translocation machinery for matrix proteins (see ''Mysterious functions: the spectrum of peroxisomal tasks widens'') has also been reported to be required for microtubule-dependent movement of peroxisomes in mammals (Bharti et al. 2011) .
A selective degradation mechanism for mitochondria is mitophagy. Defects in mitophagy are supposed to contribute to Parkinsons' disease (Youle and Narendra 2011) . Two proteins, PINK1 (mitochondrial kinase) and Parkin (E3 ubiquitin ligase), could be linked to Parkinsons' disease and to a mechanism for prevention of progressive mitochondrial damage (Matsuda et al. 2010; Tanaka et al. 2010; Narendra et al. 2010) . Interestingly, quite recently Lazarou et al. (2012) demonstrated that Pink1 is able to recruit Parkin when it is artificially targeted to the peroxisomal or lysosomal membrane. However, only peroxisomal (and not lysosomal) Pink1 was able to trigger Parkin-mediated autophagy, suggesting an overlap of hitherto undetected factors mediating both mito-and pexophagy.
Regulated fusion and fission mechanisms are supposed to contribute to the control of proper mitochondrial function (Tatsuta and Langer 2008) . Consequently, the degradation of damaged or dysfunctional mitochondria is influenced by mitochondrial dynamics. In yeast, mitophagy occurs independently from mitochondrial fission (Müller and Reichert 2011) . Mammalian mitophagy, however, is affected when fission is blocked and damaged mitochondria accumulate (Twig et al. 2008) . Recently, it was shown that during starvation-induced (macro)-autophagy mitochondria elongate and are subsequently protected from degradation (Gomes et al. 2011) . When macroautophagy occurs, cAMP levels increase, thus activating protein kinase A (PKA). PKA in turn phosphorylates the dynaminlike GTPase DLP1 (see ''Peroxisome formation: some mysteries deciphered'', ''Shared fission and mysterious disease'') and prevents its recruitment to mitochondria, thereby inducing mitochondrial fusion. The generated elongated mitochondria are secured from autophagy to maintain production of ATP and cell viability. By contrast, peroxisomes were not found to elongate during this processes and were hence degraded. Complementing these data, mitochondria have been reported to elongate after glutamine or amino acid depletion (Rambold et al. 2011) . Down-regulation of DLP1 is supposed to contribute to starvation-induced mitochondrial elongation. Since a down-regulation of DLP1 does generally lead to elongated peroxisomes (Koch et al. 2004 ), it will be crucial to identify additional factors which could discriminate the opposing effects reported for the two organelles.
Besides autophagic processes, there are two other peroxisomal degradation mechanisms in mammalian cells: degradation by the effect of 15-lipoxygenase (15-LOX) (reviewed in Schrader and Fahimi 2008) and by the peroxisomal Lon protease (PSLP) (Yokota and Fahimi 2009) . PSLP bears a PTS1 motif (SKL) and shows protease activity as well as a chaperone-like activity (Kikuchi et al. 2004 ). There are further hints that PSLP supports the degradation of peroxisomal enzymes (acyl-CoA oxidase, bifunctional protein and thiolase) which are induced by hypolipidemic drugs .
Mysterious degeneration: impact of peroxisomes on brain function
Inherited peroxisomal disorders mostly develop a neuronal phenotype, suggesting important functions of the organelle in nervous tissue (Moser 1999) . Important peroxisomal functions in man are the b-oxidation of VLCFA and the synthesis ether lipids (plasmalogens), which are important constituents of myelin sheaths. Both pathways can contribute to different extents to the disease phenotype of peroxisomal biogenesis disorders such as Zellweger syndrome (Steinberg et al. 2006) . To evaluate their impact on the phenotype of a Zellweger-like loss of peroxisome functions, two groups recently generated knockout strains to inhibit peroxisomal FA b-oxidation and/or ether lipid synthesis and corresponding double knockouts. Brites et al. (2009) used knockout strains of ABCD1 (Fig. 1) -specifically compromising the import of VLCFA-and of Pex7, preventing peroxisomal targeting of alkyldihydroxyacetone phosphate synthase (ether lipid synthesis) and thiolase (FA b-oxidation). Krysko et al. (2010) examined an MFP2 knockout (multifunctional protein 2, the second enzyme for the b-oxidation of VLCFA) and a dihydroxyacetone phosphate acyltransferase knockout blocking plasmalogen synthesis. Compared to single knockouts, the double knockout mice showed not only additive, but also synergistic effects leading to a more severe phenotype (Brites et al. 2009 ). However, even the combined disruption of FA b-oxidation and ether lipid synthesis did not provoke the severe neuronal migration defects reported in Pex5 knockouts (where only peroxisomal membrane remnants exist), or in Zellweger patients (Krysko et al. 2010) . Thus, additional peroxisome functions are likely required to ensure a correct development and maintenance of the central nervous system. As complete peroxisomal knockout mouse models cannot discriminate if functional disturbances in a tissue are locally generated or are caused by toxic metabolites produced elsewhere, conditional knockouts for one organ or cell type have been generated during the last few years. The functional deletion of peroxisomes in brain-specific Pex5 knockout mice results in a severe neuronal phenotype comprising demyelination and degeneration of axons (Hulshagen et al. 2008) . Nevertheless, this model could not resolve whether the absence of functional peroxisomes in neurons themselves was the cause of these damages or if disturbances in glial cells exerted the detrimental effect on neurons. An oligodendrocyte-specific Pex5 knockout under the cell type-specific CNP promoter showed quite severe neuronal defects and only a slightly milder phenotype (Kassmann et al. 2007 ). Strikingly, conditional peroxisomal knockouts in astrocytes and even in neurons exhibited no strong pathological alterations when compared with wild-type mice . Thus, peroxisomal metabolism in these cell types appears to be quite negligible with regard to the pathology of peroxisomal biogenesis disorders. In concordance, peroxisomes of Schwann cells seem to play a major role in the maintenance of paranodal loops and axonal integrity in neuronal fiber tracts (Kassmann et al. 2011) , underlining the dominant metabolic importance of glial peroxisomes. Nevertheless, neurons and especially astrocytes inhabit considerable peroxisome numbers, assuming that the organelle performs specific functions in these cell types. Presumably, disturbed peroxisomal functions in those cells lead to more subtle changes in neuronal physiology. An impressive example is the influence of peroxisomes on ROS-mediated firing rates in hypothalamic neurons (Diano et al. 2011 ) (see ''Mysterious signals: peroxisomes and reactive oxygen species'').
Age-related neurodegenerative diseases like Alzheimer exhibit altered levels of plasmalogens, VLCFA and docosahexaenoic acid suggesting a peroxisomal contribution to the pathology (see Lizard et al. 2012 for review). Indeed, changes in peroxisome abundance and specific protein content have been described in Alzheimer mouse models in early, still asymptomatic disease stages (Cimini et al. 2009b ). In addition, a rise in oxidative damage of specific proteins potentially associated with peroxisomal functions was described. A supplementing study using cultured neurons treated with Abeta led to comparable peroxisomal responses and up-regulation of ROS-scavenging enzymes under chronic conditions (Cimini et al. 2009a ). The authors thus hypothesized that peroxisomes could be involved in the response against Abeta-mediated oxidative injury. Altered peroxisome abundance was also described in affected brain regions of Alzheimer victims (Kou et al. 2011) . This diagnosis was accompanied by increased levels of VLCFA and decreased plasmalogens suggesting an impairment of peroxisomal metabolic capacities. Interestingly, elevated levels of VLCFA in ABCD1-knockout mice have been described. These were accompanied by increased oxidatively damaged proteins implying that the accumulating VLCFA induce increasing ROS concentrations potentially by modifying the mitochondrial inner membrane potential (Fourcade et al. 2008; Galino et al. 2011) . A similar interrelationship between FA metabolism and ROS concentrations was described for a glial cell culture model after knockdown of ABCD3 (Di Benedetto et al. 2008) . Thus, the elevated levels of VLCFA found in Alzheimers' disease might point to disturbances in peroxisomal metabolism leading to ROS generation, which then triggers the reported peroxisomal and ROS-scavenging compensatory responses. Additionally, the altered levels of docosahexaenoic acid and plasmalogens may also contribute to Alzheimer pathogenesis (Lizard et al. 2012 ). Thus, peroxisomes may represent an interesting target to mitigate or even stop the progress of Alzheimer-related diseases. With regard to other neurodegenerative disorders, peroxisomes have been recently described as potentially contributing to the etiology of Parkinsons' disease: Elevated levels of oligomerized and phosphorylated a-synuclein-eventually deposited in Lewy bodies-have been described in mouse models of peroxisome biogenesis disorders (Yakunin et al. 2010) . Peroxisomes house the enzymes D-amino acid oxidase and D-aspartate oxidase, which degrade D-serine and D-aspartate found in considerable concentrations in the brain. D-serine is known to be a co-activator of glutamatergic NMDA receptors (Snyder and Kim 2000) . Elevated levels induce long-term potentiation (LTP) of NMDA receptor-bearing synapses in the hippocampus implying important functions in learning and memory (Fuchs et al. 2011) . Consequently, excess concentrations of D-serine have to be efficiently removed by D-amino acid oxidase, which has been categorized as a risk factor for schizophrenia (Kirov et al. 2005) . Recently, SOD1 mutant mice-a model for familial amyotrophic lateral sclerosis (ALS)-were reported to exhibit reduced D-amino acid oxidase activities. Strikingly, also a mutation in D-amino acid oxidase itself showed a similar ALS-like phenotype (Sasabe et al. 2012) suggesting that the elevated levels of D-serine in spinal motor neurons contribute to axon degeneration. Compared to D-serine, our current understanding of the biological significance of D-aspartate remains elusive. Two recent publications, however, show that D-aspartate activates NMDA receptors and that D-aspartate-oxidase-deficient mice have increased NMDA receptor-dependent LTP and memory abilities at early life stages (Errico et al. 2008 (Errico et al. , 2009 ). Older mice, by contrast, showed accelerated age-dependent decline in AMPAreceptor transmission and reduced cognitive performance suggesting bimodal short-and long-term effects of elevated NMDA receptor signaling. Taken together, both examples show how peroxisomal enzymes contribute to the control of neuronal functions at levels, which cannot be observed in peroxisome-deficient mouse models, where the previously mentioned general metabolic disturbances dominate the pathologic phenotype. Therefore, future research on individual peroxisomal proteins may reveal more particular and-with respect to human health-medically significant organelle functions in brain.
Concluding remarks
During the last 4-5 years after publication of our initial ''mystery'' review (Schrader and Fahimi 2008) , the view on peroxisome biology has gradually widened adding new important discoveries in the areas of maintenance, division and biogenesis, but unveiled also new functional aspects of the organelle. With regard to protein import, research in the near future will combine cell biological, biochemical and biophysical techniques to reveal the mechanistical details of how the Pex5/Pex14 importomer shuttles nascent proteins across the peroxisomal membrane. Concerning the process of peroxisomal maintenance and proliferation, recent discoveries have unveiled the biochemical properties of Pex11 proteins essential for peroxisomal membrane elongation (Opalinski et al. 2011) and showed that peroxisomal growth and division followed a multistep maturation pathway leading to rejuvenation of the peroxisomal compartment (Delille et al. 2010) . On the other hand, peroxisomal membrane proteins have been reported to be imported via passage through the ER (van der Zand et al. 2010 ) and the budding of ''pre-peroxisomal'' vesicles from the same compartment was observed in vitro in yeast (Lam et al. 2010; Agrawal et al. 2011) . In this context, future research has to clarify to which extent these alternative pathways of peroxisome formation contribute to the maintenance of the organelle population in vivo. Nevertheless, peroxisomes do not represent isolated entities, but are placed into a complex cellular environment, where they have to share and distribute internal metabolites, ions and cofactors to guarantee proper cellular homeostasis. Thus, peroxisomes are functionally and mechanistically interconnected to other subcellular compartments which require concerted actions and intracellular signaling. In this respect, the recent publications are only beginning to unveil the impact of peroxisomal function on the surrounding organelles and metabolic pathways. Moreover, still new functions have been added to the compendium of this ''multipurpose'' organelle, and the increasing functional versatility implies that peroxisome numbers and protein content have to be regulated by hitherto unidentified signaling pathways to meet the specific needs of the cell at a given time. Peroxisomal variability is, however, not only time dependent, but manifests in diverging peroxisomal functions in individual tissues or organs (Islinger et al. 2010) . As reported for brain in this review, recent studies in lung and testis also showed that the peroxisomal proteome in these tissues diverges significantly from the well-characterized liver and kidney peroxisomes (Karnati and Baumgart-Vogt 2009; Dastig et al. 2011) . In this respect, the continuous identification of novel tissue-specific peroxisomal proteins (Grzmil et al. 2007; Kaczmarek et al. 2009 ) will result in fascinating functional discoveries. Although our knowledge on peroxisome biogenesis has become increasingly detailed through recent years, many mysteries regarding the functional characterization and physiological role of peroxisomes lay ahead awaiting to be deciphered. 
